Digitization of Biodiversity Collections Reveals Biggest Data on Biodiversity
LAWRENCE M. PAGE, BRUCE J. MACFADDEN, JOSE A. FORTES, PAMELA S. SOLTIS, AND GREG RICCARDI A fortunate fact of human history is that we have been amassing an abundance of information on the biodiversity of our planet-as institutional collections of specimens-for hundreds of years. With specimens in at least 1500 institutions in the United States and in probably close to 5000 worldwide, there are billions of specimens, almost all with taxonomic, geographic, and temporal data. The US National Museum of Natural History alone has 126 million cataloged specimens (www.si.edu/researchstudy/Units/sorsnmnh.htm).
The localities and dates of collection associated with these vouchered specimens provide the only large-scale, verifiable data available on native distributions of organisms and how those distributions have changed over time. Such shifts in species distributions can have profound impacts on both natural environments and human welfare. Changes in biotic communities due to invasive species, climate change, or other dynamics directly affect supplies of food and water, the regulation of climate and disease, nutrient cycling, crop pollination, and recreational opportunities. The importance of assessing changes in biodiversity is becoming much more apparent as the economic effects are realized (Franceschi and Kahn 2009, Gilbert 2014) . For example, invasive species cost the US economy more than $120 billion per year in losses to agriculture and natural ecosystems (USFWS 2012).
As fortunate as it is that institutions house huge numbers of specimens that document spatial and temporal patterns of biological diversity, the full potential of these collections has not been achieved. The specimens and the information they hold are accessible almost solely to researchers at those institutions. Physical access to specimens by others is limited to the few external researchers with the support to travel to the institutions or who request loans of specimens. Loans require shipping and are an expensive and laborious process that necessarily involves small numbers of specimens. Estimates are that less than 10 percent of information about specimens are in digital form, and even less is available online (see https://digbiocol.files. wordpress.com/2010/08/niba_brochure.pdf) .
The total information-the really big data in institutional collectionsis very dark, visible to an unacceptably small number of scientists and students. With the human population passing 7 billion, the Earth's climate rapidly changing, and the need for accurate information on biological diversity becoming increasingly important, the inaccessibility of data from biodiversity collections is unacceptable.
Several efforts over the past few years have targeted this problem (see www.aibs.org/public-policy/biocollections.html), including the Global Plants Initiative, supported by the Mellon Foundation; the Global Biodiversity Information Facility, which serves both observational data (without vouchered specimen documentation) and specimen data; the Atlas of Living Australia; the Centro de Referência em Informação Ambiental (CRIA), in Brazil; and several projects specific to certain taxa (e.g., FishNet2, VertNet). These projects have improved access by creating searchable databases but have not supported the process of digitization or have been limited taxonomically.
A more encompassing program at the National Science Foundation (NSF), Advancing Digitization of Biodiversity Collections (ADBC; www.nsf.gov/funding/pgm_summ. jsp?pims_id=503559), plans to award $100 million over 10 years to support the digitization of the physical specimens and specimen-based data. Funded projects are organized as thematic collections networks (TCNs) of institutions digitizing data to address challenging research questions. The ADBC made its first awards in 2011 and, as of 2015, has funded 15 such digitization projects (www.idigbio.org/ wiki/index.php/TCN_Resources).
Digitization encompasses databasing, georeferencing, and imaging. Databasing puts taxonomic, temporal, and geographic data for millions of specimens into digital form for easy retrieval of information about a given specimen. When made available online, such databases provide instant access to the wealth of information in an institution's collection and can link specimens to genomic and phenomic databases. Georeferenced locality information expedites mapping and analyses related to environmental change.
Images that have been vetted by experts and are freely available online provide scientists, educators, and the general public with valuable material for learning and discovery. For systematists, online data and images of specimens, especially type specimens, can eliminate the need to borrow specimens or to travel to other institutions. For ecologists, wildlife biologists, and other researchers, online data and images allow precise identifications that are not otherwise attainable. Almost all discoveries of process will be linking the Canadian effort (Canadensys) with one of the new TCNs.
The ADBC will provide critical information on existing gaps in our knowledge of life on Earth. Without knowing what lives where, let alone the genetic, ecological, and physiological characteristics of organisms, it is impossible to have a sufficient understanding of how biological communities and ecosystems function or how life has changed over time and is likely to change in the future as the environment is increasingly modified by human activities. The hypothesis that dementia in humans in Guam (amyotrophic lateral sclerosis-parkinsonism-dementia) was caused by consumption of bats (Cox and Sacks 2002) could not be tested directly because bats had been driven to extinction by the recently established brown snake (known not to be native to Guam on the basis of museum records). However, testing preserved bats in collections showed the neurotoxin β-methylamino-Lalanine existed at levels sufficient to cause dementia in humans accustomed to a diet of fruit bats, which accumulate the toxin by eating the seeds of cycads.
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The NSF's ADBC program recently announced the recipients of its 5th-year awards. Two-hundred-and-sixtyeight institutions distributed across all 50 states and Guam now participate in the national digitization effort, with the potential to digitize data on millions of specimens. The central coordinating unit for the ADBC is iDigBio (www.idigbio.org), located at the Florida Museum of Natural History on the campus of the University of Florida and in the College of Communication and Information at Florida State University. More than 42 million specimen records and 12 million images are now available through the search portal, and the number of specimen records is expected to reach 50 million by 2016. iDigBio hosts an average of one workshop or symposium on digitization per month and is mobilizing the natural-history collections community to adopt uniform standards to maximize the accessibility and utility of biodiversity data, and it is working to develop research and outreach collaborations. Steps now are being taken to make the national effort an international initiative. The first step in this new species occur during studies of museum specimens, not during fieldwork. All new information on fossil or recently extinct species will come only from specimens in collections.
The newly available data on biodiversity-on millions of species and the multiplicity of complex interactions among them (many specimens retain parasites, microbes, gut contents, phenological attributes, etc.)-together make up among the biggest of "big data" in biology. From this information, researchers can address some of the most fundamental questions in biology: What are Earth's species, and how do they vary? How are species distributed in geographical and ecological space? What is the history of life on Earth? What factors lead to speciation, dispersal, and extinctions?
Beyond fundamental questions about biodiversity, specimen-based data provide information of immediate benefit to humans. The two examples below demonstrate an increased understanding of disease and climate change in relation to people and specimens.
In the 1990s, an outbreak of a previously unknown hantavirus in humans caused over 100 deaths in the southwestern United States, and deer mice were implicated as vectors of the disease. Examination of museum specimens showed that the virus was not new to the region, as had been assumed (Yates et al. 2002, Suarez and Tsutsui 2004) . Rather, the rapid increase of the disease in humans had occurred because unusually wet weather had led to more food, more mice, and increased contact with humans. An intervention strategy resulted in fewer deaths during succeeding periods of wet weather.
